Abstract
INTRODUCTION
A large number of studies have shown the importance of biodiversity for maintaining ecosystem functioning and services such as productivity and stability (Cardinale et al. 2007; Hooper et al. 2005; Isbell et al. 2011 Isbell et al. , 2015 Morin et al. 2014) . Most of these studies focused on the function of aboveground biomass production in grassland ecosystems and more recently also in forest ecosystems (Germany et al. 2017; Kröber et al. 2015; Morin et al. 2014; Toïgo et al. 2014) . In forest ecosystems, belowground biomass production is relatively difficult to measure (Brassard et al. 2013 ). Yet roots, in particular fine roots (≤2 mm in diameter), which are the most dynamic part of the root systems of trees (Asaye and Zewdie 2013) , contribute greatly to biogeochemical cycles and thus to the overall functioning of forest ecosystems Leuschner and Hertel 2003; McCormack et al. 2015; Yuan and Chen 2012) . Fine roots are mainly responsible for nutrient and water uptake from soil and are a major contributor of carbon input to the soil (Clemmensen et al. 2013; Jackson et al. 1996) . The standing biomass of fine roots accounts only for a small part of the total biomass of a tree. However, the biomass production of fine roots can account for more than 22% of the total annual net primary production in a forest (McCormack et al. 2015) . Therefore, a better understanding of the relationship between biodiversity and fine-root dynamics in forest ecosystems is essential to better predict consequences of the loss of tree species on overall forest ecosystem functioning.
Previous studies have shown that fine roots with diameter ≤2 mm are not homogenous units and vary in their form and function (McCormack et al. 2015; Pregitzer 2002) . The position of fine roots on the root branching system influences their morphological and physiological traits (Pregitzer 2002) . Fine roots at the distal end of the root system are firstorder roots. Second-order roots begin at the junction of two first-order roots, and so on (Fitter 1987; Pregitzer 2002) . In a recent review of McCormack et al. (2015) , order-based methods and functional classification methods were recommended to study fine roots. However, order-based methods are timeconsuming and are mostly used to study fine-root traits on particular root system sections rather than to estimate fineroot biomass across entire root systems of plant communities. In order to better compare our study with former studies, such as Brassard et al. (2011 Brassard et al. ( , 2013 and Lei et al. (2012a, b) , we here define fine-roots as roots with a diameter ≤2mm and make no further sub-categories.
There are many different methods to estimate fine-root productivity. In short, it is said that ingrowth cores measure lower values than minirhizotron and sequential coring approaches (Hertel and Leuschner 2002; Meinen et al. 2009b) . However, ingrowth-core methods have been widely used as a simple method to estimate fine-root productivity (Brassard et al. 2013; Lei et al. 2012b ). Hertel and Leuschner (2002) suggested that biased root productivity estimates could be obtained because of the changing conditions for root-free ingrowth cores, such as root injury and disturbed soil conditions. Therefore, Meinen et al. (2009b) proposed that ingrowth cores can only estimate root re-colonization potential rather than fine-root production. In this study, we therefore refer to fine-root regrowth as the measure obtained with ingrowth cores. We ask whether this measure increases with tree species richness. If it does, it is conceivable that the same applies to fine-root production.
Belowground niche complementarity among species may be a key driver of higher fine-root production in mixed forests (Bauhus et al. 2000; Brassard et al. 2011 Brassard et al. , 2013 de Kroon et al. 2012; Meinen et al. 2009a; Schmid and Kazda 2002) . Furthermore, belowground facilitation, where one species benefits another species by improving growing conditions, may also contribute to increased mixture performance (Brassard et al. 2011; Hooper et al. 2005) . Tree species may differ in functional traits of fine roots such as nutrient uptake characteristics and in vertical root distribution patterns (Hooper et al. 2005; Kelty 1992; Leuschner et al. 2001) . Fine-root traits are related to resource-use strategies (Bauhus and Messier 1999) . For example, fine roots with high specific root length (SRL) usually have high resource-absorption efficiency (Liu et al. 2015) ; and fine roots of deep root systems can use resources from deeper soil layers (Prieto et al. 2015) . Thus, belowground niche partitioning among tree species can reduce interspecific competition in mixtures as compared with intraspecific competition in monocultures (Bauhus et al. 2000; Goldberg et al. 1999; Kelty 1992; Meinen et al. 2009a) . Also, differences in vertical rooting depth between species may lead to increased filling of soil volume (Berendse 1979; Bolte and Villanueva 2006) and thus increase resource capture in mixtures (Brassard et al. 2011 (Brassard et al. , 2013 Dimitrakopoulos and Schmid 2004) . As a consequence, mixtures may exploit belowground resources more completely (Jacob et al. 2013) and over-yield the same species in monocultures (Toïgo et al. 2014) . The term over-yielding in terms of biomass or production means that a mixture has higher biomass or production than the average monoculture of the species contained in that mixture (Hooper and Dukes 2004; Schmid et al. 2008) . In the present study, we assume that over-yielding in terms of fine-root standing biomass and regrowth will occur in mixtures with increased filling of the soil volume by fine-root proliferation.
Previous studies yielded contrasting results about the effects of tree species richness on belowground productivity in terms of fine-root biomass production and standing biomass. Some studies found no diversity effects on fine-root production (Bauhus et al. 2000; Jacob et al. 2013 Jacob et al. , 2014 Meinen et al. 2009a Meinen et al. , 2009c or even negative effects (Bolte and Villanueva 2006; Forrester et al. 2013; McKay and Malcolm 1988) . However, other studies did find that diverse forest mixtures could result in higher belowground biomass production and also in a more even vertical root distribution compared with the respective monocultures (Brassard et al. 2011 (Brassard et al. , 2013 . These results are consistent with the hypothesis that belowground niche complementarity or facilitation among different tree species leads to more complete resource use and results in higher productivity in diverse plant communities (Bauhus et al. 2000; Hooper et al. 2005; Loreau and Hector 2001) .
In the present study, we tested species richness effects on regrowth, standing biomass and the vertical distribution of fine roots in experimental plots planted with 1, 2, 4 or 8 tree species five years prior to the fine-root sampling. We used Rao's quadratic entropy index of diversity (hereafter RaoQ) to evaluate the relationship between over-yielding and niche complementarity. RaoQ gives the mean trait distance among species weighted by species abundance (Botta-Dukát 2005) . We predicted that: (i) tree species richness has a positive effect on fine-root regrowth and standing biomass; (ii) mixtures over-yield the averaged biomass of monocultures due to niche complementarity; and (iii) fine roots are vertically more evenly distributed and occupy more soil volume in mixtures than in monocultures.
MATERIALS AND METHODS

Study site
Our study was conducted as part of the BEF-China (Biodiversity-Ecosystem Functioning Experiment China) main experiment in Xingangshan, Dexing, Jiangxi Province, China (29.08°-29.11°N, 117.90°-117.93°E; Bruelheide et al. 2014) . This study site is located in a region of subtropical broad-leaved forest with deciduous and evergreen tree species (Lang et al. 2014) and with a mean annual temperature of 16.7°C, 252 days per year with above-freezing temperatures and a mean annual precipitation of 1821 mm (Hu and Yu 2008) . The coldest month is January with a mean temperature of 0.4°C and the hottest month is July with a mean temperature of 34.2°C. We also searched meteorological data from China Meteorological Data Net (http://data.cma.cn) to check whether extreme weather happened during our experiment period. The soils of the area are mainly Cambisols, Acrisols and Ferralsols (Lang et al. 2014) .
We worked at site A of the BEF-China main experiment, which is described in detail in Bruelheide et al. (2014) . In brief, at site A of this biodiversity experiment-a hilly area of about 26.7 ha-271 plots measuring 25.82 × 25.82 m = 666.7 m 2 (the Chinese traditional area-measure unit of 1 mu) in horizontal projection were set up in 2009. The altitude of the plots ranges from 105-275 m and the slope ranges from 0-45 degrees (Li et al. 2017) . For this study, we chose 60 plots representing a species richness gradient with four levels (1, 2, 4 and 8 tree species). Species compositions were designed according to 'complementary' extinction series (Bruelheide et al. 2014) . Each species of a pool of 16 local deciduous and evergreen tree species occurred in one composition at each richness level (Bruelheide et al. 2014 
Sample collection
In each plot, we collected fine-root samples in mid-September 2013 from established trees in the central quadrat of 4 × 4 tree planting positions. Often not all planted trees had established or survived in the 5-year period preceding our sampling and were thus considered missing. The soil core method was used to determine fine-root standing biomass. We took three soil cores using a line-point sampling method across three adjacent planting rows from each plot, considering the available time and personal resources. Because of the repeated plots, there were six cores for each species composition. Each core was positioned in the middle between two neighboring tree positions in a horizontal planting row. Soil cores could sample two target trees, one target tree or no target tree due to missing trees; in addition, they could sample non-target trees from tree positions further away. When there were two surviving target trees they could belong to one or two species (Table 1a) . The core was always taken perpendicularly to the soil surface, thus deviating from the vertical on slopes. Each soil core was 30 cm in depth and 10 cm in diameter. We divided each soil core into three soil layers, 0-10 cm, 10-20 cm and 20-30 cm. In total, we took 486 soil samples (layers) from 162 soil cores in 54 plots (six plots with no surviving trees in the central quadrat were not sampled). According to a tree census in June 2010, the overall tree survival rate was 87% in our experiment and survival rate was not affected by species richness (Yang et al. 2013) . Based on our observations, animal damages and landslides by heavy rain in summer would be the main reasons for missing trees in some plots. All the samples were labeled and put into 1-mm mesh nylon bags and placed in fresh water overnight in the laboratory. The bags were then gently washed under running water to remove the soil from the roots. After washing, only roots, small stones and a few organic particles remained in the bags. In this condition, the bags were stored up to one month in a refrigerator at 4°C, awaiting further treatments. Fine roots stored in the refrigerator at 4°C for one month were still fresh and could easily be separated (see below).
We put roots with stones and detritus on a sieve (1 mm), and swung the sieve in the water to let the roots float on the surface (flotation method, see e.g. Bauhus et al. 2000; Brassard et al. 2013) . All fine roots (diameter ≤ 2 mm) of trees were picked up with tweezers. Firstly, we separated dead roots from live ones using root resilience and the color of bark and xylem as characteristic traits (Liao et al. 2014) . We further separated the live roots of different tree species in a sample using (i) cortex color (Fagaceae species have deeper color than other species), (ii) root tip size (S. saponaria and K. bipinnata have big and dense root tips) and (iii) root branching structure (N. sinensis has a sparse branch structure). The root system specimens of the 16 focal species were sampled and scanned in a preliminary experiment to assure accurate species identification (see online supplementary Appendix 2). Fine roots that could not be attributed to the 16 focal species were classified as non-tree roots (shrubs, herbs and grasses). For example, herb and grass roots were distinguished by lighter color and smaller diameter (Meinen et al. 2009a ) and shrub roots are those woody-species roots not assignable to the 16 focal species. The identified tree roots were dispersed in water in a transparent tray and scanned with a scanner (UMAX PowerLook 2100XL with transparency unit, UMAX Technologies Inc.) at the resolution of 400 dpi. The images were analyzed with the software WinRhizo Pro 2004a (Regent Instruments, Quebec, Canada) to get the average diameter and total length of root samples. Finally, the fine roots of each tree species and non-tree fine roots in each sample were dried separately at 70°C to constant weight for about 72 h. In conclusion, for each soil sample we had fine-root standing biomass of nontree and specific tree species.
In contrast to standing biomass, the regrowth of new fine roots was estimated by the ingrowth-core method (Brassard et al. 2013; Lei et al. 2012b) . After the extraction of soil cores for the determination of standing biomass, we filled ingrowth cores with root-free soil from the same plots. The ingrowth cores marked with plastic tubes on top were harvested after one year. Fine roots were then harvested and weighed according to the same procedure as used above for the determination of standing biomass. Moreover, we tried to collect the dead tree roots by root system structure characters. Fine-root annual regrowth was the sum of dry mass of live and dead fine roots from ingrowth cores. Due to the relatively slow decomposition rate of fine roots in these forests (Fan and Guo, 2010; Maeght et al. 2015) , our measure did probably not underestimate the total annual fine-root regrowth too much.
Root analysis
Both fine-root standing biomass and regrowth were expressed as dry mass per square meter of ground area-not horizontally projected area-per soil core or soil layer (unit: g·m ), to test whether species interactions influenced the biomass allocation of tree species (Lei et al. 2012b; Meinen et al. 2009a; Rewald and Leuschner 2009 ). Gale and Grigal (1987) introduced an exponential root distribution model to describe the vertical decrease of fine-root biomass with increasing soil depth. The equation is y = 1 -β d , with y expressing the cumulative percentage of fine roots from the surface to soil depth d (cm). High β values indicate relatively deep fine-root distribution patterns. This one-parameter model can easily be fitted to data with three soil-depth layers and is considered more appropriate than a linear model which would assume a constant rather than exponential decrease in fine-root biomass with increasing soil depth. In recent studies, the exponential model has been used to estimate fine-root biomass distributions in 40-cm deep soil profiles (Meinen et al. 2009a (Meinen et al. , 2009c . Depth-related root foraging strategies among species have been found in the upper 30 cm soil layers (Brassard et al. 2011 (Brassard et al. , 2013 . Therefore, it is expected that the β values calculated in the upper 30 cm soil layers could reflect species-specific fine-root distribution patterns in our study. Moreover, the random assignment of Note that plots with tree species richness levels larger than four (including four) were combined. diversity levels to plots should have minimized confounding between soil variables and the diversity gradient. The relative yield (RY.AT) of each soil core in mixtures was calculated to examine whether over-yielding in terms of fineroot biomass or production occurred at the community level:
Here Y is the sum of the fine-root biomass of all trees in a core in mixture and y is the average of the fine-root biomass of the same tree species in monoculture. A relative yield >1 indicates that a mixture has more fine-root biomass than the average monoculture of the species constituting the mixture, which is also called over-yielding (mixture yields exceed expectations; Hooper and Dukes 2004) . We refer to the opposite case as under-yielding.
We also calculated the relative yield of individual tree species to examine the performance of specific species in mixtures as
Here Y i is the fine-root biomass value per individual of species i in one soil core from mixtures, and y i is the fine-root biomass of species i in one soil core in monoculture. If the values of RY.IT are larger than 1, it indicates that the particular species is over-yielding in mixture (conservatively assuming only two species sharing the soil core, thus the ½ in the denominator) and has more fine-root biomass per individual in mixture than in monoculture. In the opposite case with RY.IT <1, the particular species is under-yielding in mixture.
We used a heterogeneity index to express the vertical biomass distribution of all tree fine roots in a soil core (Brassard et al. 2011 (Brassard et al. , 2013 . First, we calculated percent fine-root biomass per layer in one soil core (100% being the total biomass in the soil core). Then the vertical heterogeneity index (VHI) was calculated as the standard deviation of biomass percent among the three layers of one core. VHI reflects the vertical distribution patterns of fine roots and indicates how fully and evenly belowground space is utilized (Brassard et al. 2011 (Brassard et al. , 2013 . The smaller the VHI the more evenly the fine roots are distributed.
Statistical analyses
We used linear mixed-effects models to test the effects of biodiversity and species identity on fine-root diameter, SRL, β and the ratio of fine-root standing biomass and basal area. Models were conducted with the package 'lmerTest' (Kuznetsova et al. 2015) in R 3.2.0 (R Development Core Team, 2015) . Tree species richness of plots and the species identity of trees were included as fixed effects, plot was used as random effect. Three quantitative traits (diameter, SRL and β) were used to calculate RaoQ for each mixed-species composition by using the 'dbFD' function in the package 'FD' in R (Laliberté et al. 2014) .
Linear mixed-effects models were also constructed to test the effects of tree species richness on total fine-root standing biomass, annual regrowth, two relative yield indices (RY.AT and RY.IT), VHI and non-tree roots. Tree species richness was included as fixed effect, species composition and plot were crossed random effects. Because in this model richness effects are tested strictly against variation among species compositions within richness levels even large effects of richness may only be detected at marginal significance levels. Therefore, to avoid making type-II errors and rejecting richness effects too easily, we also consider marginally significant richness effects as worthy of discussion (Toft and Shea, 1983) . In addition, because we only expected richness effects in one direction, one-sided test could also have been used (a two-sided P = 0.1 corresponds to a one-sided P = 0.05). Moreover, a marginal pseudo-R 2 was calculated for tree species richness by a general method (Nakagawa and Schielzeth 2013) . Relationships between RaoQ and total fine-root standing biomass, annual regrowth, two relative yield indices (RY.AT and RY.IT) and VHI were examined by linear mixed-effects models with species composition and plot as crossed random effects. We also tested the effect of species richness on RaoQ with general linear models. Student's t test was used to test whether relative yields significantly departed from 1. We also used linear mixed-effects models to test the relationships between VHI and total fine-root standing biomass and annual regrowth. VHI was included as fixed effects, species compositions and plot were crossed random effects. The Shapiro-Wilk test was used to check if residuals in different analyses followed a normal distribution. If this assumption was clearly violated, data were log 2 transformed to improve normality and at the same time homoscedasticity. Moreover, the explanatory variable tree species richness was log 2 transformed across the whole data analyses.
RESULTS
There were 40 soil cores with fine roots of only one tree species and 37 soil cores with fine roots of at least two tree species for soil cores in mixtures (Table 1b left side), indicating that the belowground species interactions already occurred in these young stands. For ingrowth cores, the corresponding numbers were the same as for soil cores (Table 1b right side) . The highest number of tree species in one core was four. Fineroot traits differed widely among species but also were affected by variation in log-transformed tree species richness of plots (Table 2) . Mean fine-root diameter of species ranged from 0.31 to 0.74 mm, mean SRL ranged from 12.43 to 70.22 m·g −1 and mean index β ranged from 0.68 to 0.93 (see online supplementary Appendix 3). The SRL of fine roots, in particular, was significantly affected by the interaction between tree species identity and log-transformed species richness, indicating that different tree species showed different responses to tree diversity at plot level. This interaction effect was even more pronounced for the vertical distribution index β. Moreover, the index β was significantly affected by tree species richness (Table 2) , monocultures and 4-species mixtures having higher β values than plots with the other diversity levels (LSD multiple comparisons). However, these richness effects affecting fine-root diameter, SRL and index β did not show a significant linear trend (log-linear contrasts for species richness with P >0.05 in all cases). Furthermore, the ratio between fine-root standing biomass and basal stem area was more or less constant across species identities and species richness levels (no significant effects in last column of Table 2 ). Standing fine-root biomass increased marginally (significantly in one-sided test) with log-transformed tree species richness (Fig. 1a, Table 3 ). The marginal pseudo-R 2 for tree species richness was 0.061. In addition, annual fine-root regrowth also marginally (significantly in one-sided test) increased with tree species richness (Fig. 1b, Table 3 ) and the marginal pseudo-R 2 for fixed effects was 0.062. Species composition explained 55% and 25% of the total random variation in the standing biomass and annual regrowth models, respectively. Plot, testing variation between replicates within species compositions, explained 32% of the total random variance in the annual regrowth model (Table 3) . That is, annual regrowth varied strongly among the different, replicated species compositions. However, for standing biomass it varied very little between replicates within species compositions, indicating that soil gradients across the experimental site played a minor role for this measure. Moreover, mixed-effects models showed that tree fine-root standing biomass and annual regrowth were negatively correlated with non-tree fine-root biomass (-3.63 ± 1.55, estimate ± SE) and annual regrowth (-11.87 ± 4.10, estimate ± standard error (SE)), respectively (all P < 0.05). However, species richness had no significant effects on both non-tree fine-root biomass and annual regrowth (all P > 0.05).
Because of the large variation among soil cores RT.AT and RY.IT did not show significant responses to diversity levels ( Fig. 2a-d , Table 3 ). Species composition and plot also explained only a small part of the total variation in all the relative yield models (Table 3) . Nevertheless, t tests showed that RY.AT was significantly larger than 1 at species-richness level four for fine-root biomass and at species-richness level four and eight for annual regrowth ( Fig. 2a and b) . Relative yields of individual species significantly departed from 1 at species-richness level four, but only for fine-root biomass ( Fig. 2c and d) .
The VHI was negatively correlated with log-transformed species richness for fine-root standing biomass (Table 3 , Fig. 3a) , indicating that fine roots were more evenly distributed along the 30-cm soil depth in more diverse plots than in less diverse plots. There was a significant negative relationship between total fine-root standing biomass and VHI (P < 0.001; Fig. 4a and b) , suggesting a link between more complete occupation of soil volume by fine roots in mixtures and as a consequence higher fine-root standing biomass.
RaoQ was not linearly correlated with log-transformed species richness (P > 0.05). The means and standard deviations of Table 3 : results of mixed-effects models for responses of fine-root standing biomass and related indices and of fine-root regrowth and related indices to tree species richness (TR) RY.AT and RY.IT are the relative yields at community level and individual species level, respectively. VHI is a vertical heterogeneity index. Estimates (±SE) are shown for fixed effects. The percent of total random variance explained by random effects is given below the fixed effects.
*** P < 0.001, † 0.05 < P < 0.1, n.s.: not significant (P ≥ 0.1). Abbreviation: SC = species composition. RaoQ for the species-richness level two, four and eight were 0.91 ± 0.75, 1.61 ± 0.84 and 1.71 ± 0.83, respectively. RaoQ had no significant effects on the total fine-root standing biomass, annual regrowth and VHI (Table 4) . However, RY.AT of fine-root standing biomass was marginally correlated with RaoQ (significantly in one-sided test; Table 4 ), implying that niche partitioning would be one reason for over-yielding in the mixtures.
DISCUSSION
Effects of species richness on fine-root biomass and production
Our study showed that fine-root annual regrowth had a positive linear relationship with species richness, thus confirming the first hypothesis for fine-root regrowth. This result is in line with the increase of fine-root regrowth with increasing tree diversity as described by Meinen et al. (2009b) for observational plots in old-growth forests in Central Germany. They suggested that more diverse communities have higher resilience to soil disturbance, which is involved when observing root growth in ingrowth cores. The three species-richness levels studied by Meinen et al. (2009b) were brought about mainly by a dilution gradient of the dominant species (Fagus sylvatica), and thus, involving species identity effects. Our results support their findings now for a true tree species richness gradient. The effects found by us, even though only significant in one-sided tests, are larger than those described by Lei et al. (2012b) for a four-species tree diversity experiment in Germany, where tree species richness only explained 2% of variation in fineroot production (here referred to as regrowth). Other studies reporting positive effects of diversity on fine-root regrowth were mainly focused on comparing monocultures with two species mixtures (Brassard et al. 2011; Schmid 2002; Schmid and Kazda 2002) . linear relationships between tree species richness and the vertical heterogeneity index VHI of (a) total fine-root standing biomass (−0.23 ± 0.08, estimate ± SE) and (b) annual regrowth (−0.14 ± 0.14, estimate ± SE) . Significant relationship was shown with a straight line. All the data was log2 transformed. There was also a linear relationship between fine-root biomass and log-transformed species richness in our study. However, individual species and particular species compositions were over-yielding at species richness level four but had poor performances at species-richness levels eight. There is the possibility that this finding was specific for the period when sampling was carried out. According to the meteorological data, the average precipitation of July, August and September in the study area were 167.6, 50.2 and 124.0 mm for 2012, 2013 and 2014, respectively. Thus, the year 2013 when we harvested fine-root biomass, was a particularly dry one. Grossiord et al. (2014) suggested that diverse ecosystems might not be more resistant to drought because species interactions can decrease soil water availability during dry growing seasons. Thus, it might be that positive richness-biomass relationships were masked by resource depletion at higher richness levels. In general, the way that species interactions are influenced by both resource availability and species richness is poorly studied (Forrester et al. 2013) , and more efforts are needed to carry out studies on such interactions.
The positive diversity effects on fine-root regrowth and biomass observed in the present study refer to young, experimentally established stands of even-aged trees. In contrast, the majority of belowground studies to date have analyzed these relationships in mature forest stands (Brassard et al. 2011 (Brassard et al. , 2013 Meinen et al. 2009a; Schmid and Kazda 2002 ; but see Domisch et al. 2015; Lei et al. 2012b) . Our findings contradict the general notion that it would take decades for tropical forests (Powers et al. 2009 ) and centuries for temperate coniferous forests (Franklin et al. 2002) to reach strong root interactions among species and thus to express species complementarity (Brassard et al. 2013; Cavard et al. 2011) . Similarly, SchererLorenzen et al. (2007) stated that newly established tree plantations varying in tree species diversity would not show positive diversity-productivity relationship at early stages and Domisch et al. (2015) suggested that newly planted trees do not face intense root competition before canopy closure (Domisch et al. 2015) . Our study contradicts these findings because half of the soil cores in mixtures had roots of at least two species, even though canopy closure had only occurred in a few plots. This demonstrates that belowground interactions do already occur in young forest stands and thus allow diversity effects to emerge (Bauhus et al. 2000; Lei et al. 2012a, b) . Our findings correspond to crown diameter growth rates in the same experiment reported by Kröber et al. (2015) , which also shows a positive relationship to different diversity measures already three years after planting and before canopy closure.
The ratio of fine-root standing biomass to basal area was unaffected by species richness, which indicates that biomass allocation did not shift from above-to belowground with increasing species richness. These findings also match observations of positive richness effects on basal-area increment in the BEF-China main experiment (unpublished results). Moreover, biomass allocation was not significantly different among species, nor was there an interaction with species richness. Thus, different species did not respond differently to the richness gradient, which would be the case if some species increased and others decreased belowground investment with increasing richness. As a consequence, there is no indication of varying belowground competition intensity at the current stage of stand development.
Over-yielding in terms of biomass and production
Our results support the second hypothesis of fine-root overyielding in mixtures due to niche complementarity among species. The community level relative yield of fine-root standing biomass was positively correlated with functional diversity RaoQ. We used the functional diversity index RaoQ to express the niche partitioning with multidimensional traits RY.AT and RY.IT are the relative yields at community level and individual species level, respectively. VHI is a vertical heterogeneity index. Estimates (±SE) are shown for fixed effects. The percent of total random variance explained by random effects is given below the fixed effects. † 0.05 < P < 0.1, n.s.: not significant (P ≥ 0.1). Abbreviation: SC = species composition.
(Botta-Dukát 2005). Fine-root diameter and specific root length were significantly different among species in our study, which points to different resource-use strategies (Bauhus et al. 2000; Goldberg et al. 1999; Jose et al. 2006) . For example, recent studies showed that thin fine roots have higher resource-absorption efficiency than thick ones, whereas fine roots with a large diameter rely on symbiosis with arbuscular mycorrhizal fungi Liu et al. 2015) . Such niche partitioning among species allows niche complementarity and reduced interspecific belowground competition in mixtures which in turn may lead to over-yielding (Bu et al. 2017; Cardinale et al. 2007; Hooper et al. 2005; Tobner et al. 2016 ). There were no significant linear relationships between the community level relative yield and species richness, neither did functional diversity RaoQ and species richness. Functional diversity needs not be linearly correlated with species richness for functional redundancy at higher diversity levels (Tobner et al. 2016 ). We found significant over-yielding at species level four but not in 2-and 8-species diversity levels. Over-yielding and under-yielding might occur in some 2-and in some 8-species combinations; however, the average value was not significant. By using RaoQ, we could look at the individual species compositions within diversity levels and found that those compositions with over-yielding were the ones with high-functional diversity (RaoQ).
Species richness affects fine-root distribution
Our results also support the third hypothesis of species diversity promoting fine-root occupation of the soil volume (Brassard et al. 2011 (Brassard et al. , 2013 . The VHI was negatively correlated with species richness for fine-root biomass. The initial differences in root and rooting traits might cause a more homogenous distribution of fine roots in mixtures (Curt and Prévosto 2003) . However, in this case fine-root functional diversity (RaoQ) had no significant effect on the vertical heterogeneity, which may reflect that different niche dimensions were important for the vertical root distribution than for the other root measures. Furthermore, the VHI was negatively correlated with fine-root biomass, suggesting that the more even root distribution in more diverse communities exploited soil resources to a higher degree, which probably stimulated fine-root proliferation (Bolte and Villanueva 2006; Brassard et al. 2011 Brassard et al. , 2013 Hooper et al. 2005) .
Fine-root distribution was affected by species richness in our study, with more even fine-root distribution at higher species richness. This increased degree of belowground space utilization points to increased species complementarity (Casper and Jackson 1997; de Kroon et al. 2012) . The root distribution index β was also affected by the interaction between species identity and species richness. Species-specific responses in β point to spatial niche differentiation in the soil (Schmid 2002; Schmid and Kazda 2002) . Moreover, the interaction with species richness shows that some species adapt their root depth distribution according to the number of interacting tree species in the soil while others respond differently.
CONCLUSION
Our study showed positive effects of tree species richness on the evenness of vertical distribution of fine-roots and as a consequence on fine-root biomass and regrowth in young experimentally established stands of even-aged trees, which points to increased complementarity in resource exploitation with increasing species richness. These richness effects, although barely significant for the two measures fine-root biomass and regrowth, are remarkable because they were compared against-i.e. much larger than-considerable variation among different species compositions within species richness levels, used as random-effects term in the mixed models. This considerable variation among different species compositions was in turn large considerable as compared with the residual variation between replicate plots of the same species compositions, a further random-effects term in the models, demonstrating that compared to these manipulated biotic variables richness and composition other variables such as topography or soil gradients across the study site played a surprisingly small role in explaining variation in fine-root production.
SUPPLEMENTARy MATERIAL
